Abstract Even if there is clinical evidence that carbon monoxide poisoning determines cardiac damage, the literature on the cardiac pathomorphology in such cases is scarce. We investigated the immunohistochemical expression of two known markers of fresh cardiac damage, fibronectin and the terminal complement complex C5b-9, in both cardiac ventricles in 26 cases of CO intoxication (study group, 15 ♀, 11 ♂, mean age 47 years, mean COHb level 65.9%, min. 51%, max. 85%) compared to a group of 23 cases of hanging (n=23, 4♀, 19♂, mean age 42 years) as well as to 25 cases of myocardial infarction (n=25, 13♀, 12♂, mean age 64 years). Fresh cardiac damage was detected with the antibody fibronectin in cases of CO poisoning and was prevalently localised at the right ventricle.
Introduction
In legal medicine, CO intoxications represent one classical topic whose pathophysiology and pathology have repeatedly been discussed in the literature [1, 2] .
Even if the most described symptoms and signs related to CO intoxications refer to the toxic effects on the central nervous system [3] , CO also determines substantial changes at cardiac level. CO-related cardiac damage is classically considered as the consequence of the formation of carboxyhemoglobin that decreases the amount of oxygen unloaded to the tissues leading to tissue hypoxia [4] . Moreover, a specific cardiotoxic effect has been discussed in relation to a disturbance of the mitochondrial activity [5] .
From a functional point of view, a flattening or inversion of the T waves and a depression of the R-T segment are the most common ECG changes [6, 7] and do not differ from other forms of hypoxia [8] . Satran et al. [9] more recently described the elevation of cardiac biomarkers or ECG changes indicating ischemia in 37% of 230 hospitalised cases of CO intoxication.
While there exists substantial evidence of functional cardiac changes in cases of CO intoxication, the literature on its pathomorphological patterns is scarce: Klebs [10] firstly described punctuate and diffuse haemorrhages at the pericardium and endocardium as well as at the tips of the papillary muscles in fatal CO intoxications. Ehrich et al. [11] reported haemorrhages in the myocardium of dogs killed 4 days after CO exposure: at autopsy, the animals displayed areas of necrosis, especially at the subendocardial regions. Similar results were later reported by Klavis and Schulz [12] in rats.
Also, medico-legal researchers have concentrated their attention on the topic of the cardiac changes in cases of CO intoxication: Marek and Piejko [13] reported congestion and extravasations in the stroma with discrete lesions of the muscle fibres at optical microscopy with H&E. Fineschi et al. [14] did not detect any specific change in the myocardium in 26 forensic cases investigated with H&E; only in three cases could small foci of coagulative myocytolysis be observed.
In this study, we wanted to evaluate whether fresh cardiac lesions are detectable at immunohistochemistry with the markers Fibronectin and C5b-9 in the cardiac musculature of both cardiac ventricles in a series of CO intoxications. In the attempt of better defining the nature of the possible cardiac damage, we further compared this group with a group of cases of hanging (group 2) in which global hypoxia occurs, as well as with myocardial infarctions (group 3) as typical example of ischemic lesions.
Materials and methods
Our study group consisted of 26 cases of CO intoxication (study group, 15 ♀, 11 ♂, mean age 47 years, mean COHb level 65.9%, min. 51%, max. 85%). In 20 cases, the death was classified as accidental, in six cases as suicide. The second group consisted of cases of suicidal hanging (n=23, 4♀, 19♂, mean age 42 years). The third group consisted of cases of myocardial infarction (n=25, 13♀, 12♂, mean age 64 years). The diagnosis of heart infarction was made on the basis of the macroscopic findings and conventional histology with H&E. In this group, there were no cases of isolated right ventricular infarction. The cases were collected at the Institute of Legal Medicine of the University Hospital in Münster and at the University Center of Legal Medicine in Lausanne and Geneva and retrospectively investigated. In each case, information about circumstances of death as well as autopsy record were available. The presence of signs of putrefaction at external examination was an exclusion criterion for this study. Similarly, cases with advanced autolysis were not included. An overview of the investigated cases is given in Tables 1, 2 and 3. Blood samples were taken from the heart. Carboxyhaemoglobin was measured by spectrophotometer according to Màehly's method [15] . Histological investigation of the heart, lung, liver, brain, kidney, pancreas and spleen, with haematoxylin and eosin performed according to standard medico-legal investigation [16] . In each case, immunohistochemical reactions with the antibodies fibronectin (Polyclonal Rabbit Anti-Human, DAKO Deutschland GmbH, Hamburg, Germany) and C5b-9 (Monoclonal Mouse Anti-Human, DAKO Deutschland GmbH, Hamburg, Germany) of at least one tissue slide from both cardiac ventricles (free wall of the right ventricle RV, anterior and/or posterior wall of the left ventricle LV) were prepared as described elsewhere [17, 18] .
In 13 cases of CO intoxications (cases 14 to 26 in Table 1 ), heart samples were systematically collected from the free wall of the right ventricle, septum, anterior, lateral and posterior wall of the left ventricle.
A blind investigation of the slides was performed by two different observers with final consensual evaluation. The positive reactions were semiquantitatively classified as follows (Figs. 1, 2 and 3 If more than one tissue slide from one ventricle was present, the average value rounded up to the nearest integer was considered.
The grade of necrosis in each ventricle for each antibody was compared to the corresponding value of the groups 2 and 3 (grade of necrosis RV Fibronectin study group versus grade of necrosis RV Fibronectin groups 2 and 3; grade of necrosis RV C5b-9 study group versus grade of necrosis RV C5b-9 groups 2 and 3; grade of necrosis LV Fibronectin study group versus grade of necrosis LV Fibronectin groups 2 and 3; grade of necrosis LV C5b-9 study group versus grade of necrosis RV C5b-9 groups 2 and 3).
The difference of the grade of the necrosis between right and left ventricle was calculated in each case (Δ = grade necrosis RV -grade necrosis LV) with both antibodies. A comparison of these differences between study group and groups 2 and 3 was performed. The groups 2 and 3 were finally compared to each other.
Statistical analyses were performed using SAS 9.2 (SAS Institute Inc., Cary, NC).
Fisher's exact test was used for all comparisons between the investigated groups. The result was considered significant in case of the two-sided p<0.05.
In the 13 cases of CO intoxications in which the heart specimens were collected systematically from the free wall of the right ventricle, the anterior, lateral and posterior wall of the left ventricle and the septum, the expression of two markers at the RV was compared to the expression at the different regions of the left ventricle. The different regions of the left ventricle were then compared to each other. For statistical analysis, the paired-sample Wilcoxon test was used.
Results
The immunohistochemical investigation of the right ventricle with the antibody fibronectin showed fresh necrosis in the vast majority of the CO intoxications; more precisely, light necrosis was detected in three cases, moderate necrosis in 14 and strong necrosis in seven cases. In two cases, no necrosis could be detected. For what concerns the left ventricle, the occurrence of the necrosis was much lower with eight negative cases, eight cases of light necrosis, and nine of moderate necrosis. Strong necrosis was detected in this group at the left ventricle only once.
The reaction with the antibody C5b-9 was negative in all the investigated cases in both ventricles in the study group.
The comparison of the grade of necrosis in the right ventricle showed a prevalent expression of the antibody fibronectin in the study group compared to cases of hanging (p< 0.0323); in comparison with cases of myocardial infarction, the expression of this marker was similar. Fibronectin was more expressed at the RV in cases of myocardial infarction compared to hanging (p<0.0493). The reaction with antibody against the terminal complement complex turned out negative at the RV both cases of CO intoxication and hanging. Positive reactions were observed in five cases at the RV in cases of heart infarction. The difference observed in comparison with the study group is statistically significant (p<0.001).
The comparison of the grade of necrosis in the LV showed a prevalent involvement of this ventricle in both groups 2 and 3 compared to the study group, with fibronectin (p<0.03 50 and p<0.0001 if compared with cases of hanging or heart infarctions, respectively). The comparison between the groups 2 and 3 showed a statistically significant prevalent involvement of the LV in cases of myocardial infarction (p<0.001). The terminal complement complex C5b-9 was never detected in the CO and hanging groups at the left ventricle. Positive reactions occurred in 12 cases of myocardial infarction. The differences are statistically significant (p<0.001).
The comparison of the difference of the grade of the necrosis between right and left ventricle with the antibody fibronectin (Δ fibronectin) showed a statistically significant difference between the study group and both groups 2 and 3 F  57  64%  2  2  0  0  0  0  2  F  25  58%  2  0  2  0  0  0  3  M  38  73%  3  2  1  0  0  0  4  F  47  55%  2 (p < 0.0001 for both comparisons). The parameter Δ fibronectin was also differently distributed in the groups 2 and 3 (p<0.0351). In the 13 cases of CO intoxication with a systematic sampling from both ventricles, Fibronectin was significantly more expressed in the RV than in every region of the LV (p<0.004). Moreover, the expression of this marker was similar at every region of the LV. These results are shown in Table 4 .
Discussion
The antibodies used in our study are well-known markers of fresh cardiac ischemic lesions [19, 20] . Fibronectin diffuses into the ischemic cardiac cells already few minutes after the beginning of the ischemia [18] ; the terminal complement complex C5b-9 is detectable at the surface of the damaged cardiac cells in form of membrane pores if ischemia has been survived for longer than 30-40 min [19] ; it is considered a reliable marker of localised ischemic lesions and was shown not to react to global hypoxia [19] . On the contrary, fibronectin is appreciable for its rapid detectability after onset of the damage but is known to turn out positive also in cases of global hypoxia [21] .
To evaluate whether in cases of CO intoxication-specific reaction patterns of these antibodies could be identified, we decided to compare our study group with cases of hanging in which global hypoxia occurs and with classical cases of acute ischemic myocardial damage.
In this study, we could demonstrate fresh cardiac damage with the antibody fibronectin, with different degrees of extension, in both ventricles in every investigated group. The immunohistochemical reaction with the terminal complement complex was instead negative in all the cases of CO intoxication and hanging. Positive reactions were observed in cases of myocardial infarction.
The different expression of these antibodies can be explained with the different survival time necessary after the onset of the damage to get positive results with the two markers: in cases of CO intoxications and hanging the time between beginning of the cardiac damage and death is probably shorter than in cases of myocardial infarctions; for this reason, the terminal complement complex is positive only in this last group. Particularly interesting is the expression pattern of fibronectin in CO intoxications compared to the other groups: in the intoxications in which necrosis occurred in both cardiac chambers, the right heart was prevalently more affected than the left, as shown by the positive Δ values. In groups 2 and 3, if necroses were detected in both ventricles, they were similarly distributed in both cardiac chambers or prevalent at the left one. We observed this phenomenon in cases of severe pulmonary fat embolism and pulmonary thromboembolism [22, 23] compared to controls. Similarly, also in cases of CO intoxications, the most important parameter to evaluate the degree of the involvement of the cardiac chambers is to compare the extension of the damage in both ventricles. If only the extension of the damage at the right ventricle is taken into account, no differences can be evidenced between the study group and the myocardial infarctions. On the contrary, the comparison of the left ventricles only shows a minor involvement of this chamber in the study group.
For what concerns the distribution of the immunoreactions, the damage was prevalently observed at the subendocardial region in cases of hanging. Also in cases of CO intoxications, the subendocardial region was the most affected, but the damage tended to be much more diffuse at the inner 2/3 of the right wall. In cases of heart infarction transmural damage was often observed.
The predominant attention paid in the past to the pathology of left ventricle to the detriment of the right one may explain the substantial missed detection of pathological changes at the right ventricle. Indeed, when investigated, a peculiar involvement of the right ventricle in cases of monoxide intoxications was detected: Lindenberg [24] described a marked dilatation of right ventricle and even a predominance of histological lesions at the right ventricle in an animal model as well as in several humans. In a large series of clinical cases treated for moderate to severe CO poisoning Satran et al. [7] described right ventricular dysfunction at echocardiography in 34% of the patients. In our series, the right ventricle was prevalently damaged in 54% of the cases. A possible explanation for this difference may be the higher COHb levels in our series (mean 53.7%, min. 54%, max. 75%) compared to that clinical study (mean 33.1%, min. 2%, max. 65%). In addition, the sensibility of the diagnostic methods is different: from a functional point of view, the activity of the right ventricle may be normal even in presence of cardiac damage detectable at histology, at least in an early phase.
The right ventricle has a better tolerance to global hypoxia than the left one because of the minor oxygen demand and a better coronary perfusion during both systole and diastole [25, 26] . Our observations in cases of hanging seem to confirm these statements: the right ventricle was never more affected than the left one and in four cases fresh cardiac damage prevailed at the left ventricle. Only in a minor number of cases of hanging, an immediate cessation of the cardiac activity occurs probably because of the stimulation of the vagal nerve [27] . Usually, cardiac activity is detectable for some minutes (7-18 min or even longer according to [27] ) after hanging. During this time, hypoxic cardiac changes can occur.
Typically, the function of the right ventricle is compromised when the impendance to right ventricular ejection is acutely increased as it happens in cases of pulmonary embolism [24, 25] . If pulmonary hypertension persists, a discrepancy between augmented oxygen demand of the right ventricle and diminished coronary flow occurs, leading to right ventricular ischemia and right heart failure [19] .
Some investigators suggested that CO promotes endothelium-dependent vasoconstriction by inhibiting NO production [28] at vascular level. This is especially true for exogenous CO, as in cases of intoxication [29] . Moreover, carbon monoxide determines a cardiac inotropic effect with augmented oxygen demand and diminished coronary perfusion, a situation that can rapidly precipitate toward cardiac ischemia [30] . An increase of the pulmonary pressure was reported in cases of CO poisoning [31, 32] , possibly as a consequence of the severe cerebral hypoxia following intoxication [33, 34] .
The hypothesis of a prevalent ischemic right ventricular damage following pulmonary hypertension in the study group is only apparently incompatible with the comparison with the group of myocardial infarctions. The vast majority of the heart infarctions are in fact characterised by the primary involvement of the left ventricle. In fatal cases, however, the terminal failure of the right ventricle always occurs [35] so that fresh lesions at this chamber are common but basically less extended than those at the left ventricle [19] . Similarly, in cases of primary ischemic lesions at the right ventricle following pulmonary hypertension, lesion of the left ventricle also occur; however, the damage is prevalently detectable at the right chamber.
This study demonstrates the presence of fresh cardiac damage prevalently localised at the right ventricle in cases of fatal CO poisoning. Data from the literature suggest a ID  RV  LV S  LV AW  LV LW  LV PW   14  2  2  0  0  1  15  2  1  1  1  1  16  1  0  1  1  1  17  2  2  2  2  2  18  3  1  1  1  2  19  2  1  2  2  2  20  2  1  1  1  1  21  3  2  2  2  2  22  2  0  1  1  2  23  3  1  2  2  2  24  2  1  1  1  0  25  3  2  2  1  2  26  3  1  2  2  2 The expression at the RV was significantly higher if compared to each region of the LV. The distribution at the different regions of the LV was similar RV right ventricle, LV left ventricle, AW anterior wall, LW lateral wall, PW posterior wall possible ischemic nature of this damage following pulmonary hypertension. The reaction pattern of the antibody fibronectin seems to confirm this theory. Global hypoxia, which is present in both CO intoxications and cases of hanging, does not explain the different distribution of the cardiac damage in these groups: in cases of hanging fresh necrosis is similarly distributed in both ventricles, while in CO intoxications fresh damage prevails at the right ventricle. The prevalent localisation of the fresh necrosis at the right ventricle is similar to what we observed in cases of fatal right ventricular failure following right ventricular ischemia in cases of severe fat embolism and pulmonary thromboembolism.
We propose that in cases of CO poisoning, fresh cardiac damage occurs prevalently at the right ventricle and may be explained by ischemic changes following acute pulmonary hypertension.
